). These observations indicate that LIS1 is critical for proper neuronal positioning in the mammalian developing neocortex; however, it remains undetermined how LIS1 mechanistically regulates this process. Although initially identified as the ␤ subunit of the platelet-activat- 
to impact on the microtubule network that couples the could be seen transported in small segments into the cell periphery (Fig2Ab). Previously, it has been shown centrosome and nucleus and further regulate nuclear translocation, neuronal migration and positioning during that this dynamic transport of microtubules depends on dynein activity. Inhibition of dynein activity by overexcortical development.
pression of dynamitin, a subunit of the dynein accessory complex dynactin, completely disrupts this transport of Results microtubules (Abal et al., 2002; Ahmad et al., 1998). We reasoned that if Ndel1 is required for dynein activity, Ndel1 Is Required for Dynein Function this dynein-dependent process should also be affected Ndel1 null animals die in an early embryonic stage, which by Ndel1 loss of function. We silenced Ndel1 expression precludes the investigation of its role during cortical by RNAi and then examined its effect on the microtubule development (S. Hirotsune and A. Wynshaw-Boris, pertransport following the drug treatments ( Figure 2A ). In sonal communication). Therefore, we took an alternative addition to Ndel1 RNAi, we also generated RNAi conapproach by using RNA interference (RNAi) to acutely structs that efficiently silenced DHC and LIS1 expressilence the expression of Ndel1. We generated a hairpin sion (Supplemental Figure S1 . Remarkably, silencing were dissociated and transfected using an electroporaNdel1 also caused an accumulation of microtubules in tion device (Nucleofector, Amaxa). After 2 days, endogethe perinuclear region and a paucity of tubulin staining nous Ndel1 protein levels were significantly reduced, in the cell periphery, comparable to the loss of function while LIS1 and DHC levels remained unaltered ( 
Figure of LIS1 and DHC (Figures 2B and 2C). These observa-1C). In individual neurons, Ndel1
RNAi also silenced tions demonstrate that, like LIS1, Ndel1 is also required Ndel1 expression without affecting LIS1 levels (arrows in for dynein motor activity. Figure 1D ). To further determine the specificity of Ndel1 RNAi, we generated a mutant Ndel1 construct containing several silent mutations within the target sequence ( Figure  Ndel1 Facilitates the Interaction between LIS1 and Dynein 1E). While Ndel1 RNAi efficiently knocked down the expression of wild-type Ndel1, mutant Ndel1 was not afSince both Ndel1 and LIS1 are required for dynein activity, we next tested the possibility of whether Ndel1 is fected ( Figure 1E ). These experiments demonstrate that Ndel1 RNAi efficiently and specifically silences Ndel1 involved in the interaction of LIS1 and dynein by examining the association between LIS1 and dynein when expression in neurons.
Ndel1 binds DHC at its ATPase domain, suggesting Ndel1 expression is silenced. Coimmunoprecipitation using DIC antibody showed that the levels of LIS1 assothat this interaction might be important for regulating dynein motor activity (Sasaki et al., 2000). We therefore ciated with dynein were significantly reduced in N2A cells treated with Ndel1 RNAi (Figures 3A and 3B Figure 2A ). Nocodazole was used to depolymerize microtubules. After a a very small proportion cosegregating with dynein, which presumably constitutes the pool that associates 3 min recovery from the nocodazole treatment, newly synthesized microtubules radiated from the microtuwith dynein ( Figure 3C ; Smith et al., 2000). While silencing Ndel1 did not noticeably impact on the distribution bule-organizing center (MTOC) that was closely positioned to the nucleus (Figure 2Aa) . After a 20 min vinblasof DIC, DHC, p50, or p150 (data not shown), the pool of LIS1 that cosegregated with dynein was consistently tine treatment, which prevented further generation of the microtubules, the newly synthesized microtubules reduced ( Figures 3C and 3D) . As LIS1 and Ndel1 are both necessary for dynein function, these results underdissociated E15 mouse cortical neurons and used timelapse imaging to record the movement of these neurons score a potential role of Ndel1 in regulating dynein by facilitating the interaction of LIS1 and dynein. Interest- (Figures 4A-4D ). Approximately 45% of transfected neurons showed obvious neuronal motility during the reingly, an in vitro binding assay shows that Ndel1 competes with the PAFAH ␣2 subunits for LIS1 binding (A.
cording. The majority of neurons treated with control RNAi displayed a consistent movement toward a promiMusacchio, personal communication). These observations render it plausible that Ndel1 recruits LIS1 from nent neurite, the leading process ( Figure 4A Figure 4C ). Interestingly, we observed that, in a significant number of neurons transfected with Ndel1 To determine the potential role of the Ndel1, LIS1, and dynein pathway in regulating neuronal motility, we coRNAi, the nuclei moved back and forth in an oscillating fashion instead of moving consistently toward the promelectroporated EGFP and control or RNAi constructs into inent neurite. This abnormal nuclear oscillation was frequently accompanied by a rapid shortening and lengthening of the nuclear diameter, which we refer to here as "nuclear contraction" (Figures 4B and 4D , arrows indicate the nuclear diameter; Supplemental Movies 3 and 4). Similarly, LIS1 and DHC RNAi also caused a reduction in the distance of nuclear movement accompanied by nuclear oscillation and contraction ( Figures  4C and 4D) . Taken together, these data suggest that nuclear translocation is severely compromised by Ndel1, LIS1, or DHC loss of function. rons that remained in the VZ/SVZ of RNAi electroporated In control RNAi electroporated neurons, the RFP-Cenbrains (63% Ϯ 4% versus 41% Ϯ 8% in control, StutrinII signal was closely adjacent to the nucleus, with an dent's t test, p Ͻ 0.01; Figures 5C and 5D ). To test average distance of 1.7 Ϯ 0.11 m (mean Ϯ SE). In whether the observed mislocalization of neurons results neurons electroporated with Ndel1, LIS1, or DHC RNAi, from a possible effect of Ndel1 RNAi on neuronal prolifthe centrosome was conspicuously further away from eration, cortical neurons were pulse labeled with BrdU the nucleus, with an average distance of 3.26 Ϯ 0.44 24 hr after Ndel1 RNAi (n ϭ 4) or control RNAi electropom, 3.8 Ϯ 0.11 m, and 3.7 Ϯ 0.44 m, respectively. ration (n ϭ 3). The BrdU labeling index in the VZ/SVZ Taken together, these results indicate that the Ndel1, was not significantly different between control and LIS1, and DHC pathway is important for the function of Ndel1 RNAi treated brains, although there was a slight the microtubule bundles that couple the centrosome decrease in brains electroporated with Ndel1 RNAi and nucleus. It is possible that disruption of this microtu-(39% Ϯ 5% versus 32% Ϯ 8%; Figure 4E , Student's t bule structure causes an uncoupling of the centrosome test, p ϭ 0.507). Therefore, the neuronal positioning deand nucleus, which ultimately leads to abnormal nuclear fect appears to be largely due to a deficit in cell motility instead of proliferation. In addition, we did not detect translocation and reduced migration distance. any obvious morphological alteration indicative of cell in the caudal region. Therefore, these two regions were shown separately ( Figures 6A and 6B ). On P4, 55% Ϯ death in the electroporated neurons (for examples see inserts in Figure 5E ). Electroporated neurons appear 10% of the neurons that were electroporated with control RNAi arrived at the CP, 8% Ϯ 3% were located in healthy and extended short neuronal processes ( Figure  5B and insets in 5E) .
Ndel1
the IZ, and 37% Ϯ 8% remained in the VZ/SVZ (n ϭ 5; Figures 6A and 6C ). Ndel1 RNAi caused considerable Next we examined the role of the Ndel1, LIS1, and dynein pathway at E17-P4, when the proliferation of detention of neurons in the VZ/SVZ (n ϭ 4; 70% Ϯ 6%; Student's t test, p Ͻ 0.01) and reduced the percentage neuronal precursors diminishes while prominent neuronal migration continues (Caviness et al., 2003) . Emof neurons in the CP (25% Ϯ 6%; Student's t test, p Ͻ 0.05; Figures 6A and 6C) . By P8, Ndel1 RNAi electropobryos were electroporated on E17 and collected on postnatal day (P) 0, P4, or P8. Similar to E15-17, Ndel1 rated neurons still remained mislocalized (data not shown; Supplemental Table S1 Ndel1, LIS1, and dynein during neuronal migration, we examined whether overexpression of wild-type LIS1 is To exclude the possibility that the arrest of neuronal migration is due to a nonspecific toxic effect of Ndel1, able to alleviate mislocalization of neurons caused by Ndel1 or DHC RNAi. While the neuronal positioning de-LIS1, or DHC RNAi, electroporated neurons in the SVZ/ VZ were randomly selected and inspected at high power fect caused by DHC RNAi was not altered by LIS1 overexpression (n ϭ 3; Figures 6B and 6C ), the defect infor their nuclear morphology. We found that the percentage of neurons displaying condensed nuclei increased duced by Ndel1 RNAi is partially alleviated, as a significantly higher percentage of neurons arrived at the slightly following Ndel1, LIS1, and DHC RNAi treatment (4%, 7%, and 13%, respectively) compared to control IZ (27% Ϯ 3%, Student's t test, p Ͻ 0.01) and fewer neurons were arrested in the VZ/SVZ (56% Ϯ 7%, Stu-(1%; n ϭ 100 in all groups). In contrast to the percentage of neurons detained in the SVZ/VZ, these numbers are dent's t test, p Ͻ 0.05; Figures 6B and 6C; n ϭ 3). However, overexpression of Ndel1 did not significantly less significant, suggesting that the neuronal positioning defects induced by RNAi treatment are mainly the result affect the neuronal positioning abnormality caused by LIS1 RNAi (n ϭ 3; Figure 6C and Supplemental Table  of . It should be noted that in the coimmunoprecipitation experiment, there is residual LIS1 associthat Ndel1 and LIS1 activate the dynein complex, which sustains the microtubule bundles that couple the nuated with DIC when Ndel1 is depleted (Figure 3A) , indicating that LIS1 may associate with dynein independent cleus and the centrosome and, furthermore, moves along these microtubules toward the centrosome, pullof Ndel1. Other proteins besides Ndel1 may also facilitate the interaction of LIS1 and dynein. For instance, ing the nucleus (see our model in Figure 8 ). In Ndel1, LIS1, or DHC loss-of-function neurons, the microtubule CLIP170, a microtubule plus end protein, has been reported to recruit dynein to form a complex with LIS1 bundles disassemble, and the dynein complex can no longer pull the nucleus toward the centrosome, which (Coquelle et al., 2002) .
Directional neuronal migration is achieved through a in turn results in the uncoupling of the nucleus and the centrosome and, furthermore, the abnormal nuclear coordination of events involving leading process extension, nuclear movement (nucleokinesis), and trailing protranslocation and neuronal migration (Figure 8 ). This model is in contrast to the idea of a fixed "centrosomecess retraction (Lambert de Rouvroit and Goffinet, 
